It is important but unclear how protein-ligand system motions affect free energy profiles, create energy barriers, and lead to slow residence time. We computed residence time (RT) and potential of mean force (PMF) of the dissociations of five structure-kinetic relationship (SKRs) series inhibitors of CDK8/CycC using metadynamics and milestoning theory. By using a novel way to represent the reaction coordinate based on principal component analysis (PCA), we found one-to-one mapping of hydrogen bond (H-bond) breakage and protein domain motions with the energy barriers in the PMFs. This work provides a novel and well-defined approach to study the dissociation kinetics of large and flexible systems.
Binding kinetics has become an important topic in molecular recognition because of the growing awareness of the correlation between kinetics and the drug efficacy. [1] [2] [3] [4] koff and residence time (RT) are particularly important as determinants of the efficacy of a drug candidate. 5 It is desirable to optimize these properties for drug discovery but, binding kinetics and its determinants in the ligand-receptor structures are not yet fully understood.
It is also important to predict these quantities computationally when experimental measurements are not available. Therefore, computational methods, which are able to provide an atomistic description of temporal and spatial dissociation pathway details of ligand-receptor, can be employed to unravel the secret behind the RT and kinetics.
Cyclin-dependent kinase 8 (CDK8) is a kinase protein from the CDK family. CDK8 forms a complex with cyclin C (CycC), Med12, Med13 and performs phosphorylation involved with positive and negative signaling of transcription and regulation of transcription activities. [6] [7] Abnormal activities of CDK8 and its partner CycC are related to a variety of human cancers. 8 CDK8 has an allosteric binding site adjacent to the ATP binding controlled by a DMG motif (Asp-Met-Gly) that characterizes the DFG-in/DFG-out conformations as in other protein kinases. 9 Series of CDK8 drug candidates were discovered by structure based drug design and virtual screening. 10-11 A structure-kinetic relationship (SKR) series compounds were developed and targeted at the allosteric binding site of CDK8. 12 Up to date, a few computational works were performed to study CDK8.
Molecular dynamics (MD) simulation was used to study the structural stability of CDK8/CycC complex. 13 The RT of SKR candidate compounds series 12 has been studied by metadynamics stimulations 14 using reweighting technique, but the timescale is fast on nanosecond level.
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Milestoning theory is useful method for studying kinetics. 16 Using rates and transition time from unbiased samplings between milestones dividing the transitions, milestoning computes the lifetime of each milestone and the kernel matrix which includes the transition probabilities between milestones. The potential of mean force (PMF) and the time the system takes to travel between milestones can be computed from the kernel matrix and the lifetime. Milestoning has witnessed a few applications and succeeded in reproducing the free energy surface and transition time. 17 How to describe the reaction coordinate using collective variables (CVs) faithfully is a challenging problem for applying methods including milestoning, metadynamics, umbrella sampling 18 and other methods. It is critical to include degrees of freedom involved in the reaction coordinate as more as possible. With peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/169607 doi: bioRxiv preprint first posted online Jul. 28, 2017; this concern in mind, it is nature to solve this issue by using principal component analysis (PCA), a mathematical method that extracts the major motions from a collection of data. Therefore, it is desirable to take the advantage of PCA to suggest a more straightforward but robust way to define reaction coordinate for calculation using milestoning theory.
In this work, we used metadynamics to provide dissociation pathways and computed PMF and RT for five ligands from the SKR compounds series 12 using milestoning theory with a novel way for defining the milestones. The details of methods are included in SI. Using PC1 and PC2 of the metadynamics trajectories, we unambiguously defined the dissociation pathways and set up milestoning calculations using this definition ( Figure SI 1) . The computed PMF plots indicate clear energy barriers that correspond to and originate from the hydrogen bond (H-bond) formations and important interactions between ligand and CDK8, and also protein motions featured by relative motions of N-lobe, C-lobe of CDK8
and CycC. The computed RTs are on the time scale of milliseconds and microseconds and correlate with the compute PMF reasonably well.
In our metadynamics trajectories, ligands completely dissociate at about 5 to 30 ns. Instead of reweighting the kinetics from the metadynamics trajectories, we used milestoning theory to more accurately evaluate RTs. RTs were computed as the time it takes to bring the ligand from the bound state milestone to the solvated state milestone (where the gray horizontal lines intersect with the PMFs in Figure 1 ). The computed RTs are listed in Table 1 . The relative ranking distinguishes ligand1 and 2 that have much slower RTs than the rest ligands.
Among the ligands, ligand 1 has a RT on the millisecond level which reproduces the experimental value the best. The RTs of other ligands are on the micro-or submicro-level.
Interestingly, the computed RT of ligand 2, whose experimental RT is slightly slower, is hundred times faster than ligand 1. We noticed that ligand 2 forms half less H-bonds with CDK8 and requires minor protein motions for it to dissociate compared to ligand 1.
Therefore, the faster kinetics may be an intrinsic property underlying in the ligand 2 dissociation pathway found by metadynamics. The same reversed rank of ligand 1 and 2 was reported previously.
The PMF plots along milestones describing ligand dissociations was computed by using milestoning theory and are shown in Figure 1 . In the figure, the binding affinities and the energy barriers are labeled correspondingly. The computed binding affinities agree with experimental values reasonably well with deviations smaller than 3 kcal/mol. The PMF of peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/169607 doi: bioRxiv preprint first posted online Jul. 28, 2017; ligand 1 suggests a binding affinity of roughly -12 kcal/mol, which is comparable to the experimental value -10 kcal/mol (Table SI 1 ). Interestingly, the computed energy barrier is higher than the experimental value but the computed RT is faster. The energy barriers shown in PMF correspond to observable conformational changes ( Figure 2 ) and trespassing the energy barriers requires significant amount of time (Table 2) (Table SI 1 ). Similar to ligand 2, the tracks in PC1/PC2 space of these three ligands are also convoluted in the first 10-20 ns. Therefore, the dynamics included in these periods of simulations are projected onto only a few milestones (1) (2) (3) (4) (5) , and the PMFs of these ligands also start to encounter the major energy barrier within 10 milestones. The first distinguishable energy barriers for these ligands are also from the motion when the ligand passes through αC helix. The other major energy barriers in the PMFs of these ligands are from desolvation of the ligands.
The average lifetime of the milestones for the systems are about 1 to 7 ps. In our calculation, the time resolution is 0.1 ps, and this means the timestep resolution is able to capture the transition between the milestones. The lifetime of the milestones is affected by two factors. implies that this approach can be expanded to 3-dimensional cases in which the first three PC modes can be used to generate a 3D PC space to include slightly more major motions of the system. A 3D curve in the space can be used to define milestones that resemble a series of Domino along a thread in the same way. Although the path will be 3D, but the
milestones will still be one dimensional as in the 2D space.
We used metadynamics and milestoning theory to study the dissociations of five SKR series compound from CDK8/CycC complex and suggested a novel way based on PCA to define the reaction coordinate of the dissociation. By using this novel reaction coordinate definition, we yielded RTs on milli-or micro-second level, and explained the origins of energy barriers indicated on PMF by using H-bonds and protein motions that were projected to the same milestone coordinate. Table 2 . The time required to cross energy barriers for ligand 1 and ligand 2. The time required to cross one energy barrier is in column 3, and the time required to travel from bound state to pass one energy barrier is in column 4.
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Molecular Dynamics
We obtained the initial structures of CDK8/CycC-ligand 1, 2, 5, and 11 complexes from PDB database (PDB ID: 4F6W, 4F7L, 4F6U, 4F7N 1 ), and manually modified PDB structure of CDK8/CycC-ligand 11 (4F7N) to get the initial structure of CDK8/CycCligand 10. We built the missing activation loop of the structures by using Swiss Model 2 based on p38 DFG-out crystals structure (PDB ID: 1W82 3 ) as a template. The other missing residues of CDK8 residue 1 to 360 and CycC residue 361 to 619 were also added by using Swiss-Model. We determined the protonation states of histidine residues in the CDK8/CycC-ligand complexes by using MCCE 4 , and all histidine residues were in the single protonated state. Then we added missing hydrogen atoms to the structures by using tleap module from AmberTool14. gradually. Production runs of the five systems were performed at 298K for 500 ns in NPT ensemble and saved every 2 ps with a 2-fs time step. All MD simulations were performed using pmemd.cuda from AMBER 14 package. 5 The trajectories were resaved every 20 ps for post-analysis.
Metadynamics
We obtained the equilibrated conformations at 298K, and conformations after 100, 400, 500 ns MD simulations as initial structures, and performed twelve metadynamics simulations starting from these initial structures for each of the CDK8/CycC-ligand complexes. The distance between centers of mass of the heavy atoms on the ligands and the heavy atoms of residue 26 to 38 96 to 106 356 to 359 on CDK8 were chosen as the collective variables (CVs), and the forces from the Gaussian functions were only applied on the atoms in the ligands. A Gaussian of 0.02 kcal/mol was deposited on to the CV coordinate every 0.1 ps. A 1-fs time step were used in the simulations, and the metadynamics run were performed until the ligand dissociation event occurs (roughly 25-30 ns). The metadynamics simulations were performed using NAMD. 7 The metadynamics simulations were saved every 5 ps as initial conformations for milestoning calculations.
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Milestoning
We selected the conformations from the metadynamics trajectory every 50 ps and obtained roughly 500 to 600 conformations as initial conformations to run 20 replicas of 100 ps conventional MD simulations with 2 fs time step at 298K. The replica trajectories were saved every 50 fs. Other settings were the same as the MD simulation section above.
Then we used the principal component analysis (PCA) to define the milestones.
First, we computed PCA for the metadynamics trajectory. We selected the α-carbon atoms of CDK8/CycC and heavy atoms in the ligand, and computed covariance matrix of the Cartesian coordinates of these atoms using the first frame in each trajectory as references. We saved the eigenvectors of the covariance matrix, and use equation below to compute PC1 and PC2 for the metadynamics trajectory.
where R T is the eigenvector with highest eigenvalue for PC1 and second highest for PC2, X(t) and <X> are the Cartesian coordinates of the selected atoms at time t and average over the trajectory. Then, the original metadynamics trajectory was smoothed by averaging forward and backward 100 frames, and PC1 and PC2 of averaged trajectory were also computed by using Eq. 1.
We use CDK8/CycC-ligand 1 system as an example to show how we set up the milestone This circle region in the track of the smoothed trajectory at the negative of X-axis (in Figure  SI 1 A) was intentionally neglected when manually building the path. This is because this region corresponds to the motion when ligand 1 moves towards the APT binding site and moves back towards dissociation via the allosteric binding site and this is not relevant to the dissociation of ligand 1. We smoothed the path by using Origin. A series of point was located along the path smoothed by Origin every 3.0 in the PC1/PC2 space (purple dots in Figure SI 1 B) . Then short lines of length 20.0 were put perpendicularly to the path on the series of points and the slopes of the lines were optimized to minimize the overlapping of the lines and these lines were used as milestones (black lines in Figure SI 1 B) . The first 30 ps of the 100 ps replica trajectories were also projected onto PC1/PC2 space using Eq. 1 and the projection points were divided by the milestones into cells between milestones peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
( Figure SI 1 C) . We removed the data points of the 100 ps replica trajectories that fall onto the areas that were 10 unit away from the path in PC1/PC2 space ( Figure SI 1 D) . Using the data shown in Figure SI 1 D, we computed the duration time of each milestone and the transition counts between adjacent milestones. Finally, the PMF and residence time (RT) were computed following exact milestoning. 
Post-Analysis of Metadynamics Trajectories
We computed the hydrogen bonds (H-bonds) for the metadynamics trajectories. For a H-bond X-H…Y, the distance between H and Y was limited to 2.5 Å and the complimentary angle of X-H-Y was limited to 30 degrees. The h-bonds were computed for each frame of metadynamics trajectory. As described in Milestoning Section, each frame in metadynamics trajectory was assigned to a milestone, and by using the same assignment,
we projected the H-bonds onto the milestone coordinate in the same way.
We computed the distances between centers of mass of heavy atoms of β1-2 (residue 26 to 36) and β8 (residue 170 to 173), αC helix (residue 61 to 71) and β8. We also computed the angle between centers of mass of heavy atoms of N-Lobe (residue 20 to 100), hinge region (residue 100 to 103) and C-lobe of CDK8 (residue 104 to 160 and 190 to 340).
Similarly, we projected the distances and angle onto the milestones as described above.
The metadynamics dissociation trajectory were also projected onto the milestones. The conformations along the dissociation trajectories were clustered according to the milestones they belong to, and the conformations in one milestones were averaged to yield the average conformation for the milestone. Then a new trajectory along the milestones was generated by collecting the conformations for each milestone. The same procedure was repeated for the complexes with the five ligands.
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